Introduction
Geological faults are shear fractures formed by brittle failure of naturally stressed rocks, which show evidence of relative motion between the two fault sides. Importantly, natural faults may accommodate significant displacement, often driven by plate tectonic forces, and occurring by catastrophic sudden slip, i.e. earthquakes.
Some faults are associated with fault mirrors (FMs), which are particularly shiny and hard fault surfaces characterized by extreme smoothness and high visible-light reflectivity (Fig. 1 ). FMs were also found to form in experiments of rapid rock sliding, and their formation was observed to coincide with extreme friction reduction 1 . Because FMs are well-defined slip surfaces, ubiquitous in shear zones, they have often been examined as case studies of fault surfaces at various scales; however, the structure of FMs and their polished nature, the formation mechanism and their significance to friction and earthquake physics has often been overlooked. These questions are the subject of this combined field and nanocharacterization tools study 2 . 
Methodology
Figure 2 -Locations of studied faults ((1) Kfar Giladi (2) Nahal Avinadav, (3) Yair, and (4) Nahal Uziyahu) and the main fault systems in the area.
We explored field locations along the seismically active Dead Sea transform, focusing on 4 fault surfaces in carbonates, in a region that constitutes the boundary between two tectonic plates (Fig. 2) . Out of the 4 faults , 3 were found to be FMs. Hand samples were collected (from the above mentioned faults) (Fig 3) . Atomic force microscopy (AFM), scanning electron microscope (SEM) and transmission electron microscopy (TEM) were applied to explore their structure and measure their roughness. 
Why some fault surfaces are mirror-like?
Figure 7 -Rayleigh roughness criterion for mirrors. In the case of scale-dependent surface roughness, this criterion must be obeyed at least at lateral scales, l, shorter than λ, the light wavelength. If a surface is observed at 0°<θ<70°, under visible light (λ=550 nm), and appears glossy, this indicates that A<~100 nm at least for lateral scales l<550 nm. AFM and profilometer scans of fault surfaces revealed that FM surfaces are very flat (typical amplitudes at sub-micron scales are <20 nm) except for several scratches (Fig. 4) . Quantitative analyses of surface roughness show scale dependence in both the Fourier power spectral density 3 (PSD) (Fig. 5) , and in the root mean square 3 (RMS) analysis (Fig. 6) . Although all the studied fault surfaces are highly smooth, only those with surface topography lower then ~100 nm, conform to the Rayleigh roughness criterion 4 (Fig. 7) , and can reflect light well enough to be defined as FMs. -RMS analysis for the Kfar Giladi and Nahal Uziyahu fault surfaces. As expected, the RMS increases with increasing lateral scale of measurement, l. RMS values show roughness <20 nm at l ~550 nm, explaining the high reflectivity of the surface from Kfar Giladi (lower curve, x). In contrast, the non-FM surface from Nahal Uziyahu, shows RMS values >100 nm at l ~550 nm, explaining its poor reflectivity (upper curve, squares).
• Slip perpendicular • Slip parallel To understand what causes the extreme smoothness of FMs, we looked at FMs with SEM and found that they are composed of packed rounded nanograins (Fig.  8) . We also studied FM interior by preparing a cross sectional foil using the focused ion beam (FIB) method (Fig. 9) . TEM images of the foil revealed two distinct layers, separated by a rough boundary, beneath the FM (Fig. 10): (1) An outermost layer composed of nanograins; (2) A deeper layer consisting of micronsize calcite crystals with pores observed along crystal boundaries.  Fault mirrors (FMs) are slip surfaces, that are formed naturally during sliding on geological faults.  We found that FMs are shiny because they are extremely smooth, conforming to the Rayleigh roughness criterion 4 : the mean surface roughness, at least at lateral scales below 550 nm, is <100 nm.  The surface of FMs is found to be composed of a highly packed layer of nanograins.  FMs do not follow the self-affine behavior previously suggested for fault surfaces at larger scales 3 .  The nanograins observed in this study are suggested to be formed by mechanical milling, a process that involves plastic and brittle deformation.  We suggest that the formation of fault mirrors might involves 3 sequential stages:
The structure of fault mirrors
(1) Brittle abrasion: roughness is reduced by surface asperity removal, although scratches are often formed. (2) Reduction of wear particle sizes and formation of a nanograin layer. The rounded nanograins easily roll and rearrange to fill scratches. (3) Formation of smooth hard surfaces within the nanograin layer by smearing and sintering of nanograins. We suggest sintering as the mechanism forming the hard, glossy, wear-protective FM surfaces.
Figure 10 -TEM images of the cross sectional foil from Kfar Giladi FM. The nanograin layer has a variable thickness of <1 μm and it is composed of calcite nanograins surrounded by a matrix comprising mainly silicon and aluminum. In the deeper layer, the calcite crystals compose a series of parallel bands, reflecting sub-grain boundaries probably formed by mechanical twinning. In some pores, tiny sections of the twinned crystals are observed, presumably broken off from much larger subgrains.
